Esterase isoenzyme patterns determined by slab gel electrophoresis were compared for nearly 60 Saprolegnia isolates, particularly from the S. diclina-parasitica complex. Consistent differences were found between S . diclina and S . parasitica isolates, with the latter being characterized by having between one and five very fast moving esterase bands that were generally absent from the former. A range of asexual (unidentifiable) isolates, taken from the vicinity of fish hatcheries or from fish lesions, were also examined and their esterase isoenzymes shown to be similar to those of S. parasitica, although usually showing fewer bands. The use of esterase isoenzymes for screening potential fish pathogenic isolates of Saprolegnia is briefly compared with results obtained using oogonium morphology or cyst ornamentation, and the relative merits of each method are discussed. It is proposed that, on the basis of their distinctive cyst coat ornamentation (bundles of long 'boathooks') and esterase isoenzymes, fish lesion isolates can be distinguished from saprophytic isolates, and that analysis of isoenzymes should provide a useful method for the screening of potential pathogenic isolates.
INTRODUCTION
The genus Saprokgnia (Order: Saprolegniales, Class : Oomycetes) contains a dozen or morc species which in recent taxonomic syntheses have largely been classified on the basis of the morphological characteristics of their sexual organs (for discussions see Dick, 1969 Dick, , 1974 Seymour, 1970) . Unfortunately, many Saprolegnia isolates do not reproduce sexually, at least in laboratory culture, and are therefore impossible to identify using classical morphological criteria (Dick, 1973; Neish, 1977; Willoughby, 1978) . This has presented considerable difficulties to freshwater ecologists and fish pathologists wishing to characterize and identify natural populations of Saprolegnia or to recognize potential pathogenic isolates (Neish, 1977 ; Willoughby, 1978) . Recently, attempts have been made to use chemical information (reviewed by Hall, 1969) to resolve taxonomic and phylogenetic relationships within the Saprolegniales, including analysis of DNA (Green & Dick, 1972; and cell wall amino acids (Vazira-Teherani & Dick, 1980a, b) . Although revealing differences at the family level, these methods have been of little help in resolving the critical intrageneric relationships in the group.
Electrophoretic analysis of non-specific soluble proteins or specific enzymes has been used widely over the past two decades both as an assessment of 'genetic distance' in taxonomic investigations (e.g. Whitney et al., 1967; Nealson & Garber, 1967; Stout & Shaw, 1974) and in addressing such ecological problems as the role of genetic variability in species diversity (see Johnson, 1973) . This present study was initiated to see if differences in isoenzymes could be detected between Saprolegnia isolates able to reproduce sexually and those which had apparently lost this ability. Preliminary experiments revealed that esterases gave the most reproducible and clearly defined differences between the Saprolegnia isolates originally screened, and a more detailed and systematic examination of esterase isoenzymes by gel electrophoresis within the genus Saprolegnia was therefore undertaken. In particular it was hoped to assess the usefulness of this method in discriminating between saprophytic and pathogenic members of the Saprolegniu dicfina-purusitica complex, which are perplexing to distinguish on the basis of oogonium morphology alone (see Seymour, 1970; Willoughby, 1978) . Analysis of esterase and other isoenzymes by gel electrophoresis has been widely used in attempts to resolve complex taxonomic relationships in fungi (Nealson & Garber, 1967 ; Peberdy & Turner, 1968; Meyer & Renard, 1969; Stout & Shaw, 1974; Shannon et af., 1973) . Furthermore, gel electrophoresis, including analysis of esterases, has been successfully used to solve very similar taxonomic problems to that encountered in the S. diclina complex, in the closely related oomycete genus, Phytophthora (Clare & Zentmyer, 1966; Gill & Powell, 1968; Hall et al., 1969; Gill & Zentmyer, 1978; Kaosiri & Zentmyer, 1980; Erselius & Shaw, 1982) .
METHODS
Fungi and cultural methods. The origins of the 59 Saprolegniu isolates and single Achlya isolate examined are given in Table 1 , together with their culture collection number(s). The fungi were maintained on GYPS agar plates (containing 5 g glucose, 0.05 g yeast extract, 0.5 g mycological peptone, 0-5 g KH2P0,, 0.15 g MgSO,. 7 H 2 0 and 15.0 g agar in 1 1 distilled water) at room temperature in the light. For electrophoresis, 15-20 4 mm plugs from the peripheral region of the colony were transferred to about 15 ml GYPS liquid medium in 8 cm Petri dishes and incubated for 70-80 h in the dark at 20 "C. The resulting mycelial mats were harvested by filtration through 60 pm nylon mesh and excess water was expressed. To induce sporulation, GYPS-grown colonies 2 4 4 8 h old were harvested as above, washed in sterile distilled water and resuspended in 5-10 ml sterile distilled water in 5 cm Petri dishes. Replicate dishes containing three or four colonies were incubated at both 10 "C and 20 "C and monitored at regular intervals for zoospore and oogonium production.
Microscopy. For light microscopic examination of oogonium morphology, small pieces were cut from the colony with a scalpel, and floated over a submerged coverslip. This was carefully lifted from the dish and inverted onto a glass microscope slide. The excess water was carefully drained from the top of the coverslip with hardened filter paper and the slides were examined and photographed under a Reichert Zetopan microscope at x500 magnification.
For electron microscopic examination of cyst cases, Formvar-coated copper grids (3-0 mm, 200 mesh) were submerged in the Petri dishes under the sporulating colonies. After 24-72 h the grids were monitored for the presence of encysted spores and then carefully removed and dried on a pad of hardened filter paper. The dried grids were shadowed with gold-palladium in an Edwards coating unit and given an additional coating of carbon to stabilize the film. The shadowed preparations were examined with a CORA or an AEI 6B electron microscope operated at 60 kV with 50 pm apertures.
Gel electrophoresis. Approximately 2 g fresh weight of harvested 7-d-old fungal mycelium (usually the contentsof 2 x 8 cm Petri dishes) were ground in a chilled pestle and mortar containing approximately 0.3 g pulverised Dowex l-XSO resin and 0-5 ml extraction buffer [ 1.58 g Tris/HCl, 1.98 g L-ascorbic acid (sodium salt), 0.74 g KCl, 0.02 g MgCl, .6H,O, 0.034 g EDTA and 100 ml H 2 0 , adjusted to pH 7.5 with HCl]. The resulting chilled slurry was loaded into polypropylene tubes and centrifuged for 5 min at about 9000 g in a Beckman microfuge at 4 "C. Samples (about 0.1 ml) of the resulting supernatant were loaded on to 3 mm thick 7% (w/v) polyacrylamide slab gels (containing 70 g acrylamide and 2.8 g bisacrylamide made up to 1 1 with gel buffer composed of 9 parts 0.2 Mlithium borate at pH 7.5 and 1 part 0.2 M-Tris/citrate). Each gel had two replicate groups of slots (10 x 2 x 2 mm) separated by slots containing bromophenol blue marker and BSA (1 %, w/v) reference samples (Johnson, 1975) .
Two replicate samples (containing about 40-100 pg protein) of each fraction were run on each gel and one isolate ( S . diclinu 81 1/203b) was run as a standard on every gel. The gels were run at 100 V, 55 mA for about 2.5-3 h at 4 "C, with lithium borate (1.2 g lithium hydroxide, 17-6 g boric acid, 1 1 H 2 0 at pH 7.5) as electrode buffer (voltage drop approximately 0.5 V per cm of gel). The gels were stained for esterase activity for 2-12 h at 4 "C in 100 ml anaphthyl acetate/fast blue solution in 0.2 M-phosphate buffer at pH 7.5. Some gels were also stained at pH 6.8. The resulting gels were measured and intensity of band staining noted, and the gels were also photographed. The esterase isoenzyme data for each isolate are based on at least two replicate extractions, each duplicated on a single gel.
The ratio of the enzyme bands to the bromophenol blue marked front (R,. value) often varied considerably from one replicate run to another and it was found that more consistent results could be obtained if bands were related to either the BSA standard (Rbsa) or a known band in the reference S . diclina sample ( R J . Because the BSA band usually had a more irregular front than the most intense band of the S . diclina reference sample, the latter was selected as the standard to which all other bands were related, as described by Nealson & Garber (1967) for Aspergillus esterases. It should be noted that the gel electrophoresis system described here was developed for the examination of isoenzymes in higher plant material (Taraxacum spp.), which was often run together with the fungal enzymes. No attempt was made to define optimum electrophoretic conditions for fungal material, but the results obtained were consistent throughout the 6 month investigation period.
RESULTS

Ident$cation of isolates on the basis of oogonium morphology and cyst coat morphology
The names ascribed to the Saprolegnia isolates examined in this investigation are those given by the culture collection or individual from which they were obtained (Table 1) . Isolates obtained from the APCC, FBA and H. Fuller have all been classified according to oogonium morphology using current species concepts (Seymour, 1970; Dick, 1973 ; Willoughby, 1978) . Some older isolates from the CMI and CBS Baarn collections still retain older nomenclature (such as S. delica and S. mixta, S. monoica; see Coker, 1923) which has now been reduced to synonomy with other species ( S . diclina and S . ferax for examples cited) in more recent treatments.
In order to check identification using oogonium morphology, GYPS-grown colonies were induced to sporulate at both 10 "C and 20 "C (see Willoughby, 1978) ; representative oogonia of S . ferax, S. diclina and S. parasitica are shown in Fig. 1 (a) , (b and c) , and ( d ) , respectively. Under these conditions oogonium morphology was a difficult character to use for identification as fewer than a third of the isolates (16 out of 59) produced oogonia. Even in normally sexually reproducing species such as S . ferax and S . diclina, some of the isolates had lost their ability to produce oogonia. This problem was particularly acute in the potentially fish-pathogenic S . parasitica ( S . diclina Type I) group, where only one out of 20 isolates (F7, Fig. I d ) produced oogonia.
The morphology of the secondary cyst coats for the isolates in this study is summarized in Table 2 and representative types are shown in Fig. 2 (a-f). As shown by Pickering et al. (1979) , cyst coat ornamentation appears to be a very good way of differentiating between fish lesion and saprophytic isolates of the S. dzclina-parasztica complex ( Table 2 ; Fig. 2a, b ). In this investigation only seven isolates failed to produce sufficient secondary zoospores to be monitored in this way. The only S . parasitica isolate which did not have secondary cyst cases with bundles of long bifurcated 'boathook' spines was 169621. In addition 8 out of the 10 unidentified Saprolegnia spp. (mostly isolated from fish lesions) also had long bundles of spines characteristic of S . parasitica ( S . diclina Type 1). The boathook ornamentation of S. ferax and S . diclina (Type 3) proved very similar, although spines of the former were usually slightly shorter than those of the latter (0.5 vs. 1.0 pm: Table 2 ). The S. delica isolate had long clusters of spines typical of fish lesion types (Table 2 ). Both S. megasperma and S . litoralis (together with S . hypogyna Pickering et al., 1979) had boathook spines of intermediate length between the two main groups (about 2-5 pm) although only S . litoralis had them organized in bundles ( Fig. 2f> . The boathook spines of all the Saprolegnia isolates examined were characterized by their tightly reflexed bifurcated tips ( Fig. 2a, b , c). The spines of isolate 36210/GAN 18 from Canada (Table  1) were unusual, however, in that the tips were much more deeply divided (between 1-0 and 2-0pm) and had two to four flattened barbs ( Fig. 2d, e ).
The surface texture of the cyst coat was also noted (Table 2) . This is normally smooth (Fig.  2 a) , as most secondary cysts are coated in a layer of material derived from the inner matrix of the encystment vesicle (Beakes, 1983) . However, in a number of S . ferax and S . diclina isolates this layer is incomplete, forming localized plaques only in the region of the spines and leaving the remainder of the cyst showing its underlying microfibrillar wall layer (e.g. S . ferax ADG/36052 and 266322; S. diclina E3/36144, see Heath & Greenwood, 1970) . This probably explains the netlike surface of the Saprolegnia isolate A/20/82 (Fig. 2g) , which lacks both spines and amorphous cyst coat and is a representative isolate of a group, designated by Willoughby as having 'filter paper' coats, which are common in Saprolegnia populations monitored in the water inflow into the experimental hatchery at Windermere (L. G . Willoughby, personal communication). 
Esterase isoenzymes
In preliminary experiments the acrylamide slab gels were stained for both esterases and acid phosphatases. Esterase staining revealed well-defined isoenzyme bands which showed only forward (cathodic) migration (Fig. 3) . Acid phosphatase separation (not shown) was relatively poor, and all isolates examined had four or five cathodic bands; in addition, some anodic (backward) migration occurred. Therefore, it was decided to concentrate upon the esterase isoenzymes. An indication of the variation in isoenzyme band appearance and migration under the electrophoretic conditions employed here is shown in the zymogram diagram in Fig. 4 . This shows the esterase isoenzyme profiles for the reference isolate, S. diclina 81 1/203b, which was run throughout this investigation. The prominent group of three bands which were located approximately mid-way between source and front on the gel was detected in 15 out of 17 runs (Fig. 4) and each band showed a variation of about 0.5 unit on the comparative scale (ratio of bands to BSA standard, Itbsa). A slower-migrating band was often rather ill-defined and diffuse and was often not detected (Fig. 4) , particularly when less material was loaded (approximately 50 pg protein instead of the usual 100 pg). In the early runs, stained at pH 6.9 instead of the more usual pH 7.5, two faintly-staining faster-running bands were also detected ( Fig. 4) . At higher pH the staining of S. diclina bands appeared to be fainter overall, although intensity of the fast-running bands characteristic of S . parasitica isolates was improved (Figs 3, 7-9). Although physiological age can have a marked effect on protein and isoenzyme patterns (Whitney et al., 1967, H. Fuller & T. Harrington, personal communication) , under the conditions used here little difference was detected between material 3, 5 and 7 d old, or even induced 7-d colonies of S. diclina (Fig. 4) . Therefore this procedure does appear to give reliable results suitable for comparative use in screening studies. Zymogram diagrams based on the ratio of the distance migrated by all the esterase bands to the most intense middle band of the S. diclina reference sample (R,,,) are presented for all the isolates examined in this study ). An indication is given of the approximate intensity of staining of the various esterase bands. The zymogram in Fig. 5 shows a comparison of the esterase isoenzymes detected in representative isolates of all the Saprolegnia species examined in this investigation.
The species fall into three major groups on the basis of their esterase isoenzymes: those species with their most intensely staining bands falling in the middle region of the gel, which includes S. ferax, S. mixta, S. diclina and S. australis (Fig. 5 ) ; those with their most intensely staining bands migrating near the gel front, which includes S. furcata, S. monoica, S. megasperma, S. eccentrica, S. toruloides, S. parasitica and S . delica; and finally those species with both slow and fast intense bands, such as S. litoralis, S. shikotsuensis and Achlya Jagellata.
In order to assess the variability of esterase isoenzymes within species, comparative zymograms showing isoenzyme patterns for isolates from as wide a geographical and/or host range as possible are given for S. ferax and S. diclina in Fig. 6 and for S. parasitica (S. diclina Type 1) in Fig. 7 . The isolates of S. diclina (Type 3, Willoughby, 1978) showed least overall variation in their esterase isoenzymes, with six out of seven isolates examined appearing virtually identical (Fig. 6) . Not unexpectedly with such a complex taxon, (see Seymour, 1970) S. ferax isolates showed greater variability (Fig. 6) , with asexual isolates tending to have fewer esterase bands than those which still produce oogonia.
All the fish lesion isolates ascribed to S. parasitica (or S. diclina Type 1 : Willoughby, 1978), with the one exception of the anomalous goldfish isolate 169621 (see also one to five faster-migrating bands (Fig. 7) . There does however appear to be some variation between isolates in the number, position and intensity of these fast-running bands. In general, isolates from unknown or non-salmonid hosts show greater variability than those taken from lesions of salmonid fish (Fig. 7) . In addition the isolate referred to as S . delica had a similar esterase enzyme profile to that shown by many salmonid isolates of S. parasitica (Figs 5 and 7) , rather than S. diclina with which it is normally regarded as being synonymous (Seymour, 1970) . The esterase zymograms from unidentified Saprolegnia spp. mostly taken from fish lesions are summarized in Fig. 8 , and clearly show a close affinity with S . parasitica zymograms shown in Fig. 7 . However, in general there are fewer esterase isoenzyme bands in these apparently asexual isolates compared with those in S . parasitica. The isolate A/20/82 without boathook spines ('filter paper' isolates of Willoughby) from the water supply of a fish hatchery shows an esterase isoenzyme pattern which suggests affinity with the S . parasitica complex rather than the shortspined S . diclina group (Figs 8 and 9 ). The two unidentified Saprolegnia isolates from western Canada show rather different esterase isoenzyme patterns from those of other isolates. The longspined isolate 36210/GAN 18 has a virtually identical band pattern to S . shikotsuensis from Japan (Fig. 9 , whereas the short-spined 36209/GAN 17 has only single slow-to middle-running band more typical of S. diclina or S. ferax isolates (Fig. 6) .
Because of the variability, both in number and position, of fast-migrating bands encountered in the S . parasitica isolates it was difficult to assess isoenzyme homology (shared bands) with confidence. It was therefore decided to run together in a single comparative gel a number of the isolates showing multiple fast-running bands. A diagram representing the actual gel (not R values) showing the relative positions of esterase bands is given in Fig. 9 . This group had four or five fast-running bands which were shared in part by all the isolates tested ( Fig. 9 ). No clearly defined host-specific bands were detected, with fungi isolated from salmonid fish (778/42058, HF/BWS, 21 la) sharing identical bands to those from non-salmonids (e.g. catfish, 21 1 b/300.32; pike, 2114223.65; and Koy Carp, SC).
DISCUSSION
This investigation has illustrated the value of gel electrophoresis in evaluating and differentiating members of a complex and difficult taxonomic group such as the genus Saprolegnia. Indeed the use of esterase isoenzymes as a means of differentiating between isolates of the S . diclina-parasitica complex compares favourably with the use of morphological characters alone. In most previous studies hemp seed inoculum has been used to obtain oogonia (Dick, 1969 (Dick, , 1973 Neish, 1977; Willoughby, 1978) but this introduces an additional cultural stage into the identification procedure and often takes a considerable time (< 4 months; Neish, 1977) . It seems probable that S. parasitica isolates require more demanding nutrient conditions to reproduce sexually than those employed here.
There was a remarkably good correlation between those isolates with fast-running esterase bands and those which had the long bundles of boathook spines in their secondary cysts that were so characteristic of the fish lesion isolates. One possible anomaly was the isolate of S . monoica, which would be expected, like S . mixta (see Seymour, 1970) to have esterase bands similar to S . ferax. Instead it had a single fast-running band similar to most S . parasitica isolates (Fig. 5) . Unfortunately, this isolate did not produce either zoosporangia (Table 2) or oogonia, so its identity could not be cross-checked. Despite this anomaly, the use of esterase isoenzymes seems a potentially valuable means of discriminating between, on the one hand, potential or likely fish pathogens and, on the other hand, largely saprophytic or secondarily pathogenic isolates (such as S . diclina (Type 3) or S . ferax). Using a single power pack system as described here it would be practicable to screen up to 36 isolates (four separate gel runs) in a day. Although slightly more expensive in consumables than comparable electron microscopic analysis (but much cheaper if capital equipment costs are included), gel electrophoresis has the added advantage that only vegetative mycelium is used. Esterase isoenzyme profiles were obtained for all isolates examined whereas several isolates failed to produce sufficient secondary zoospores (Table 2 ) and many failed to produce oogonia. Therefore, this does seem to be a relatively simple technique that could be easily employed in ecological or pathogen-monitoring studies. The value of having a readily available method of discriminating Saprolegnia species is apparent when one considers the complexity of saprolegnias encountered in inflows or within fish hatcheries (Willoughby, 1978) or isolated from fish lesions (Neish, 1977; Pickering & Willoughby, 1977) .
The independent esterase isoenzyme data and cyst coat morphology (see also Pickering et al., 1979) described here, together with differences in the fine structure of certain subcellular organelles (Beakes, 1983) suggest that isolates of S. diclina (Type 3) can be differentiated from S . parasitica ( S . diclina Type 1) even in the absence of oogonium production. It is, therefore, proposed that cyst coat morphology, together with corroborative isoenzyme or oogonium data, should be used to delimit these isolates, and that the amalgamation of S . parasitica into the S . diclina complex proposed by Willoughby (1 978) may require re-evaluation.
The use of electrophoretic data to define species and give an assessment of 'genetic distance', for use in determining phylogeny, has been applied with varying success in other fungi (Whitney et al., 1967; Nealson & Garber, 1967; Peberdy & Turner, 1968; Gill & Powell, 1968; Meyer & Renard, 1969; Shannon et al., 1973; Gill & Zentmyer, 1978; Kaosiri & Zentmyer, 1980) . Not enough enzyme systems were examined in this study for us to be able to speculate on the phylogenetic significance of these results. However, the striking differences in esterase isoenzymes described here does suggest that this approach should prove more useful than previous methods used to define Saprolegnia species chemotaxonomically (Green & Dick, 1972;  J B. (1967) . A disc electrophoretic study of proteins of Verticillium albo-atrum, Verticillium dahliae, and Fusarium oxysporum with reference to their taxonomy. Journal of Experimental Botany 19, 41 5 4 2 6 . WILLOUGHBY, L. G. (1978) . Saprolegnias of salmonid fish in Windermere : a critical analysis. Journal of Fish Diseases 1, 5 1-67.
